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Proliferating cell nuclear antigen (PCNA) is the eukaryotic sliding clamp that tethers DNA polymerase to
DNA during replication. The full-length cDNA of the Paciﬁc white shrimp Litopenaeus vannamei PCNA
(LvPCNA) was cloned and encoded a protein of 260 amino acids that is highly similar to other
Crustacean PCNAs. The theoretical shrimp PCNA structure has all the domains that are necessary for its
interaction with template DNA and DNA polymerase. RT-PCR analysis showed that LvPCNA is expressed
mainly in muscle and hemocytes and much less in hepatopancreas and gills. LvPCNA mRNA levels are
not statistically different in muscle from healthy and challenged shrimp with the white spot syndrome
virus (WSSV). In contrast, the mRNA levels of the viral DNA polymerase show a biphasic pattern with
expression at 6 h post-infection and later at 24 and 48 h. These results suggest that in shrimp muscle
LvPCNA levels are steadily kept to allow viral replication and that WSSV DNA polymerase (WSSV-
DNApol) is more responsive towards later stages of infection. More knowledge of the DNA replication
machinery would result in a better understanding of the mechanism and components of viral
replication, since the WSSV genome does not have all the components required for assembly of a fully
functional replisome.
& 2011 Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
The proliferating cell nuclear antigen (PCNA) is the sliding
clamp involved in the replication of DNA as part of the well-
studied ‘‘replisome’’ [1]. PCNA was ﬁrst identiﬁed as an auxiliary
protein for the mammalian DNA polymerase d [2,3]. It is known
that PCNA also plays an important role in cell-cycle regulation
and check point control [1,4], DNA repair [5], translesion DNA
synthesis, DNA methylation, chromatin remodeling, and it is
reported to be necessary for the replication of the Simian Virus
40 (SV40) genome [6,7]. PCNA is comprised of three monomers
that form a ring-shaped protein trimer in a head-to-tail arrange-
ment. This assembly encircles the DNA in cooperation with
replication factor C (RF-C) and other proteins. The interaction52.
Brieba),
Y-NC-ND license. between PCNA and DNA polymerase allows the latter to continue
bound to DNA and this increases processivity during DNA synth-
esis [1,8]. PCNA can also interact with other proteins as p21,
Gadd45 and CDK2 involved in different mechanisms like DNA
repair, cell-cycle control and chromatin remodeling [4,6,8,9].
Genes encoding PCNA and its homologs have been isolated
from a wide variety of animals [10–12], fungi [13,14], and marine
phytoplankton [15,16]. In the fruit ﬂy there are two PCNA genes,
one used for DNA replication and the other for DNA repair [17]
and recently there are some reports of crustacean PCNA [18–21].
The crustacean amino acid sequences of PCNA known to date
are highly conserved, they are composed of approximately 260
residues, with an theoretical isoelectric point of 4.8 and a
molecular mass around 33–39 kDa [2,8,13,22].
White spot syndrome virus (WSSV) is the most devastating
virus in shrimp culture spread all over the world [23,24]. There
are two WSSV complete genomes known (approx. 300 kbp) with
180 ORFs, but they do not contain any DNA polymerase proces-
sivity factors [25,26] contrary to other viruses such as the herpes
simplex virus, which encodes a processivity factor UL42 that is
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WSSV (WSSV-DNApol) encoded in the ORF514 has low processiv-
ity [28], thus, we suggested that the WSSV is able to use the host
replication machinery as other viruses do [29,30], as well as
several other host enzymes for nucleotide metabolism. The aim of
this work was to identify the PCNA cDNA sequence from the
shrimp Litopenaeus vannamei, to build a theoretical structural
model and to evaluate PCNA mRNA levels in different shrimp
tissues, and to compare the mRNA levels of shrimp PCNA and
WSSV-DNApol.2. Material and methods
2.1. cDNA sequence of PCNA from Litopenaeus vannamei
Based in one L. vannamei PCNA expressed sequence tag [31]
and other shrimp PCNA sequences from Marsupenaeus japonicus
(EU431336.1) and Fenneropenaeus chinensis (EF051247.1), three
pairs of speciﬁc primers were designed and used for a DNA
walking approach involving three PCR reactions (Seegene, USA)
to obtain the complete 50-UTR from the shrimp PCNA transcript.
Muscle tissue was used for RNA isolation and cDNA synthesis as
described below in Section 2.3. For the ﬁrst reaction, the pcnaRv1
primer (50-TTGGGGGCCAAGAAGTAA-30) was used while the
second reaction was done with primer pcnaRv2 (50-TGCAGA-
TACGTGCGAACTCCC-30); and for the third reaction the primer
pcnaRv3 (50-CCTGATGTACCCCTGGTCGTT-30) was utilized. All the
reactions were carried out as the manufacturer recommended.
The PCR fragments were cloned into the pCR2.1 vector (Invitro-
gen, USA) according to manufacturer instructions. Plasmid DNA
from recombinant clones was isolated by the alkaline lysis
method and digested with the restriction enzyme EcoRI [32].
Positive clones were sequenced at the UAGC laboratory at the
University of Arizona (Tucson, AZ, USA). The resulting sequences
were analyzed using BLAST (N, P and X) to identify them and to
ﬁnd homologies among sequences, ClustalW and BoxShade were
used to make the alignments [33,34].
2.2. Shrimp LvPCNA molecular modeling
The homologous modeling of the LvPCNA was done by super-
imposing the deduced amino acid sequence into the known
crystallographic structure of the human PCNA [35] (PDB:1AXC)
using MOE 2010.10 (ChemComp, Montreal, Canada). We con-
structed 50 initial models under the CHARMM27 force ﬁeld
starting from a multiple sequence alignment including the amino
acid sequences of PDB 1VYJ, 2ZVV, 3GPN, 2IO4, 1RWZ, 2IJX, 1UD9,
1GE8, 3IFV and 3K4X. The coordinates of DNA template in
complex with the PCNA were taken from the crystallo-
graphic structure of Escherichia coli PCNA (PDB: 3BEP) [36] and
Saccharomyces cerevisiae PCNA (PDB: 3K4X) [37] and included in
the building of the shrimp PCNA model. The assignment of the
LvPCNA domains and ﬁgures of the resulting structure were
drawn also with either MOE or PyMOL 1.0 [38].
2.3. Total RNA isolation and cDNA synthesis
Total RNA was isolated from different tissues of healthy
shrimp to evaluate PCNA differential expression. Also, total RNA
was isolated using TRIzol (Invitrogen, USA), from the tail muscle
of WSSV-infected organisms [31], and from non-infected shrimps
to evaluate expression of the shrimp PCNA and WSSV-DNA
polymerase following the manufacturer instructions. The RNA
concentration and purity was assessed spectrophotometrically by
measuring the absorbance at 260 and 280 nm in a Nanodropspectrophotometer. Total RNA integrity was evaluated by 1.2%
agarose gel electrophoresis. Complementary DNA (cDNA) was
synthesized from 1 mg of total RNA with the Quantitect Reverse
Transcription kit (Qiagen, USA), as follows: 1 mg of total RNA as
template, 2 mL of genomic DNA wipeout buffer (7 ) and RNase-
free water to a ﬁnal volume of 14 mL were incubated 2 min at
42 1C, then 5 min on ice. RT-PCR was done as follows: 1 mL
Quantiscript reverse transcriptase reagent, 4 mL Quantiscript RT
buffer (5 ), 1 mL RT primer mix, 14 mL RNA template (from ﬁrst
reaction), and incubated 15 min at 42 1C, then 3 min at 95 1C.
2.4. Expression of LvPCNA in shrimp tissues by qRT-PCR
The cDNAs synthesized as previously described, were used to
evaluate relative expression of LvPCNA in different shrimp tissues
including gills, hepatopancreas, muscle, and hemocytes. The
speciﬁc primers used for gene expression evaluation of LvPCNA
were PCNAfw1 (50-TTCGACAAGTACCGCGTGC-30) and PCNArv1
(50-TGCAGATACGTGCGAACTCCC-30), to amplify a 277 bp frag-
ment. The expression of the ribosomal L8 gene (DQ316258) was
done with primers L8Fw3 (50-TAGGCAATGTCATCCCCATT-30) and
L8Rv3 (50-TCCTGAAGGAAGCTTTACACG-30). The L8 gene was used
as an internal control to normalize the shrimp LvPCNA and WSSV-
DNA polymerase expression levels.
2.5. Expression of LvPCNA and WSSV-DNApol in the muscle of
shrimp by qRT-PCR
Adult shrimp from a WSSV infection assay (n¼15) were
sampled at 0, 6, 12, 24 and 48 h after injection with a WSSV
inoculum (buffered saline extract of infected shrimp tissue) as
previously described [31]. A control saline-solution injected group
of healthy shrimp was also sampled at time 0. Each sample was
assayed by triplicate. After 48 h post injection, WSSV infection
was detected by PCR analysis in the infected shrimp, but not in
the control group (data not shown). The muscle cDNA synthesized
as mentioned above was used as template for real-time qPCR
analysis. Besides PCNA and L8, the following WSSV-DNApol spe-
ciﬁc primers were used WSVrtfw1 (50-AGATTGAGCACCCCT-
CAAGA-30) and WSVrtrv1 (50-TCTGGAACCATCCTGCTGAT-30) to
amplify a 220 bp fragment in the WSSV-infected shrimp.
All PCR reactions were done in an iQ5 multicolor real-time PCR
detection system (Bio-Rad, Hercules, CA), and all time points
post-infection were run in triplicates. Reactions were done as
follows: 25 mL total volume reactions included 12.5 mL of 2X iQ
SYBR Green Supermix (Bio-Rad, Hercules, CA), 0.7 mL (5 mM) each
oligonucleotide, cDNA synthesized from 150 ng of total RNA from
each individual sample and water.
PCR conditions for LvPCNA and WSSV-DNApol were: 95 1C, 5 min,
followed by 40 cycles at 95 1C for 30 s, 51 1C for 35 s, 72 1C for 55 s,
with a ﬁnal melting curve program from 60 1C to 95 1C increasing
0.3 1C each 20 s. Fluorescence readings were taken at 72 1C after
each ampliﬁcation cycle. For L8 the PCR conditions were the same
but with an annealing temperature of 60 1C.
To calculate the expression of shrimp LvPCNA gene in different
tissues, the 2DCT method was used [39], where –DCT¼(CTPCNA
CTL8) for each tissue studied. To calculate changes in the expression
of both genes, shrimp LvPCNA and WSSV-DNApol during shrimp
WSSV infection, the 2DDCT method was used [40]. Calculations were
based on the CT value of each sample during PCR ampliﬁcation, where
–DDCT¼((CTtargetCTL8)(CTAvgtargetCTAvgL8)), and Avg corre-
sponded to the averaged CTs. Results are expressed as relative mRNA
steady-state levels of the target gene and normalized to the L8
ribosomal protein. Data were analyzed by one-way ANOVA and
for post hoc analysis the Tukey test was used. Statistical signiﬁcance
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software.3. Results and discussion
3.1. cDNA and deduced amino acid sequence of shrimp PCNA
The complete sequence of the LvPCNA cDNA (GenBank
JN034913) is 1103 base pairs (bp) long with a 111 bp 50-untrans-
lated region (50-UTR) and a 783 bp ORF that includes the initial
methionine and the stop codon. The 30-UTR contains a canonical
polyAþ tail and the polyadenylation signal, both necessary for
mRNA stability (Fig. 1). The 783 bp open reading frame (ORF)Fig. 1. Complete nucleotide and amino acid sequence for shrimp LvPCNA. The initial M
signal is underlined and bolded, while the polyadenylation tail is underlined and italiccodes for a protein with 260 amino acid residues and a theoretical
pI of 4.59 and a molecular weight of 28.81 kDa, very similar to
PCNA from other decapods such as the shrimp F. chinensis and
M. japonicus [19,20] and the Chinese mitten crab Eriocheirjaponica
sinensis [18] (Fig. 2).
Multiple amino acid sequences alignment with other species
showed that the LvPCNA is extremely conserved among inverte-
brates and vertebrates, and the few residues changes cluster
vertebrate and invertebrate PCNA sequences separately. For
example, changes from Lys to Arg occur at positions 91 and
248, between invertebrate and vertebrate sequences (Fig. 2).
Nonetheless, the inner-face of the PCNA trimer is mainly posi-
tively charged (Lys or Arg residues), and it is represented in color
blue (Fig. 3, panels B and D). The conserved motifs in PCNAet is underlined, the stop codon is denoted with an asterisk, the polyadenylation
ized.
Fig. 2. Multiple alignment of the deduced amino acid sequence of the LvPCNA with other PCNAs. M. japonicus (ACA09718.1), F. chinensis (ABM66815.1), D. pulex (EFX70582.1),
D. melanogaster (AAA28746.1), A. mellifera (XP_001122985.1), H. sapiens (CAG46598.1), B. Taurus (DAA23435.1), D. rerio (AAH49535.1), X. laevis (NP_001081011.1). The three
important domains in the PCNA are indicated as center loop, interdomain connecting loop and the C-terminal tail, involved in the recognition of DNA and the polymerase.
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were identiﬁed in the shrimp PCNA model (Fig. 3, panel A). These
domains are important for the interaction of PCNA with DNA and
are totally conserved. A recent publication of the PCNA from
S. cerevisiae reports that mutations of some of the basic residues
at this inner-face reduce its afﬁnity for DNA and other proteins
needed for replication, and consequently impair processivity of
DNA replication [37].
All three conserved motifs in PCNA were identiﬁed in the
shrimp-deduced amino acid sequence. These motifs are importantfor the interaction of the PCNA/DNA complex within the repli-
some, like the center loop which interacts with replication factor
C (RF-C) and DNA polymerase d, the inter-domain connecting loop
which interacts with DNA polymerase d and the C-terminal tail
which interacts with replication factor C (RF-C) [6,9,41].
3.2. Molecular structure of PCNA and interaction with DNA
It is quite interesting that from yeast to vertebrate and
invertebrate animals, PCNA shares the same fold and quaternary
Fig. 3. LvPCNA Molecular modeling. (Panel A) Overall fold of the PCNA trimer (monomers are colored in orange, cyan and magenta). The functional domains are indicated.
(Panel B) PCNA trimer modeled with a DNA double strand and with the electrostatic surface colored in red (negative charged) and blue (positive charged). Note that the
inward face in contact with the DNA is colored blue as the side chains of Lys and Arg residues are within interaction with the positively charged DNA backbone. (Panel C)
Positioning of basic residues facing the DNA. (Panel D) similar to Panel C bound to DNA. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
Fig. 4. Relative expression of LvPCNA in different tissues. Different italic letters
show statistical difference (po0.05) between tissues. G: gills, M: muscle, Hm:
hemocytes, Hp: hepatopancreas.
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each polypeptide made of two functional domains each (Fig. 3,
panel A). PCNA is assembled around DNA by replication factor C
(RF-C) and since PCNA binds to DNA pol, it works as a processivity
factor that prevents the disassembly of the replication complex.
Since DNA is heavily charged with the negatively charged phos-
phate backbone, the interaction in the inside face of the PCNA ring
is made of positively charged residues (Fig. 3, panel B). These
residues (Arg and Lys) face the interior of the ring (Fig. 3, panel C)
and the molecular modeling predicts that such ionic interactions
are feasible (Fig. 3, panel D).
The identity between shrimp and human PCNA is 73% at the
amino acid sequence, and the homology model constructed with
the human template resulted in a RMSD of 0.50 A˚ for the back-
bone. The theoretical model showed the two canonical alpha-beta
box domains with the b-a-b-b-b-b-b-a-b-b-b topology, con-
nected with each other by the inter-domain connector loop. The
central and C-terminal loops at the front side of the PCNA were
properly modeled to form interactions with other proteins during
replication (Fig. 3, panel A). The overall fold at the quaternary
structure showed a central cavity formed from the twelve
a-helices, which trap DNA by means of unspeciﬁc electrostatic
interactions.
The central cavity in the shrimp PCNA model exposed nine
basic residues (Arg and Lys) from each subunit that in other
PCNAs contact the DNA molecule during replication. These
residues include the Lys13, Lys14, Lys20, Lys77 and Lys80 from
the N-terminal domain and Arg146, Arg149, Arg21o and Lys217
from the C-terminal domain. All these residues were located at
the a-helix secondary structure components of the PCNA (Fig. 3,
panels C and D) as seen in other PCNAs in complex with DNA.3.3. Expression of shrimp LvPCNA and WSSV-DNApol in different
tissues and during WSSV muscle infection
Expression of PCNA was ﬁrst analyzed in different tissues as
hepatopancreas, muscle, gills and hemocytes. We found that
LvPCNA is expressed in all tissues analyzed, but the amounts
varied among them (Fig. 4). The LvPCNA is expressed in muscle4
hemocytes4hepatopancreas4gills. The muscle PCNA mRNA
levels were 200-fold higher than those expressed in gills, these
results are comparable with those reported for F. chinensis, where
expression of PCNA mRNA was higher in muscle than hepatopan-
creas and hemocytes [20]. Since shrimp muscle accumulates
Fig. 5. Relative expression in shrimp muscle infected with WSSV. (Panel A)
Difference (po0.05) between hours p.s.i. (Panel B) Difference between hours
p.s.i. Data normalized with L8 constitutive gene. Italics represent statistically
different values, n.d. stands for non-detectable.
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evaluate if both genes, LvPCNA and WSSV-DNApol are expressed
at similar levels in virus-infected shrimp. The WSSV-DNA poly-
merase was expressed at 6 h post-infection. This early expression
of WSSV-DNApol agrees with the data reported by Chen et al. [42],
that found that the viral DNA polymerase is expressed as early as
2 h post-infection; however, these authors did not detect changes
in expression through the WSSV infection. At 6 h post-infection,
WSSV-DNApol mRNA levels increased, but after 12 h, the tran-
script was not detectable. These results also suggest that although
theWSSV-DNApolmRNA is degraded, the DNA polymerase protein
is more stable. Later, the virus goes on expressing middle and late
genes to produce the proteins to form the virions and then
proceed to assemble the whole infecting virus [25]. Interestingly,
the WSSV-DNApol levels were up again after 24 and 48 h post-
infection (Fig. 5a). In this study, LvPCNA was expressed at all the
times sampled during the viral infection (Fig. 5b). Thus, it is
possible that viral DNA replication is carried out by the protein
translated at early stages until it is completed (Fig. 5).4. Conclusions
The conservation of replication proteins reﬂects the impor-
tance of each residue for its function within the replisome. The
sequence and structure of PCNA appears to be well conserved and
consistent with the role of PCNA in DNA replication. Future
studies should be aimed at validating the role of PCNA into
WSSV viral replication, either from RNAi silencing studies or bybiochemical assays where replication is tested in vitro and
addition of recombinant PCNA increases the processivity of WSSV
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